Because ocean acidification has only recently been recognized as a problem caused by CO 2 emissions, impact studies are still rare and estimates of the economic impact are absent. This paper estimates the economic impact of ocean acidification on coral reefs which are generally considered to be economically as well as ecologically important ecosystems. First, we conduct an impact assessment in which atmospheric concentration of CO 2 is linked to ocean acidity causing coral reef area loss. Next, a meta-analytic value transfer is applied to determine the economic value of coral reefs around the world. Finally, these two analyses are combined to estimate the economic impact of ocean acidification on coral reefs for the four IPCC marker scenarios. We find that the annual economic impact rapidly escalates over time, because the scenarios have rapid economic growth in the relevant countries and coral reefs are a luxury good. Nonetheless, the annual value in 2100 in still only a fraction of total income, one order of magnitude smaller than the previously estimated impact of climate change. Although the estimated impact is uncertain, the estimated confidence interval spans one order of magnitude only. Future research should seek to extend the estimates presented here to other impacts of ocean acidification and investigate the implications of our findings for climate policy.
Introduction
Human activity is increasing the concentration of carbon dioxide in the atmosphere and in the ocean. In the atmosphere, carbon dioxide is a greenhouse gas causing climate change. In the ocean, carbon dioxide dissolves to become an acid whose net effects on ocean chemistry are likely to cause ecosystems to shift away from calcifying species. While research on economic aspects of climate change has generated a large number of studies over the last few years, ocean acidification has only recently been recognised as a substantial problem. Impact studies are still rare and estimates of the economic impact are largely absent. We know of only three studies investigating economic consequences of ocean acidification on commercial fisheries, one focusing on the USA (Cooley and Doney, 2009) and two global studies (Cooley et al., 2011; Narita et al., 2012) . Our study is the first to estimate the economic impact of ocean acidification on coral reefs, which are generally considered to be economically as well as ecologically important ecosystems.
Ocean acidification has a range of impacts on biological systems. It will likely change the competition between marine plankton species in favor of those that rely less on calcium (Orr et al., 2005; Riebesell et al., 2000) , negatively affect shellfish (Gazeau et al., 2007; Spicer et al., 2007) , impact on fish (Munday et al., 2009) , may benefit highly invasive non-native algal species (Hall-Spencer et al., 2008) , and reduce coral calcification (Hoegh-Goldberg et al., 2007; Veron et al., 2009; Veron, 2011) . However, while the initial impact of ocean acidification is relatively clear, the eventual impact depends on the complex interaction of many species. The estimation of resulting changes in economic values, which generally derive from the higher trophic levels (e.g., top predator fish, marine mammals, sea birds), is therefore also pervaded by uncertainty. Coral reefs are an exception in that the impact of ocean acidification is relatively well understood and they have a range of direct and indirect use values for humans (e.g., coastal protection, fisheries, recreation, amenity). It is for these reasons that this paper is limited to assessing the economic impact of ocean acidification on coral reefs.
There are a large number of economic studies that assess the values of ecosystem services provided by coral reefs. A few of these studies specifically address the impact of climate change on the economic value of coral reefs. Most of these address specific regions such as Australia (Hoegh-Goldberg and Hoegh-Goldberg, 2004) , Indian Ocean (Westmacott et al., 2002; Wilkinson et al., 1999) , Pacific Ocean (World Bank, 2000) ; the Caribbean (Burke and Maidens, 2004; Vergara et al., 2009) and the United States (Gibson et al., 2008) . Only Cesar et al. (2003a) estimates the global damage of climate change on coral reefs but does not specifically address the impact of ocean acidification. To our knowledge, this is the first study to investigate the economic impact of ocean acidification on coral reefs worldwide.
The current paper is a first step towards filling an important gap in the literature on the valuation of the impact of climate change. The research tract on the economic impact of climate change, started by Nordhaus (1991) , is still incomplete and lacks estimates of both negative and positive impacts (Tol, 2008b) . Ocean acidification, however, is more than just one of the unquantified impacts. For several reasons, the absence of this climate change impact also has serious implications for the type of policy interventions required. First, since ocean acidification is exclusively driven by carbon dioxide, as opposed to climate change which is also caused by other greenhouse gases, the additional cost associated with carbon dioxide emissions due to ocean acidification changes the trade-offs between the reduction of greenhouse gases (Schmalensee, 1993) . Second, the absorption of carbon dioxide by the oceans and thus the impact of ocean acidification occur over a short time scale, whereas the warming of the atmosphere substantially lags behind the build-up of greenhouse gases in the atmosphere. This changes the dynamics of optimal emission control, and makes the discount rate less important (d 'Arge et al., 1982) . Third, the consideration of ocean acidification also has implications for the instrument choice for the potential solution to climate change. Climate change may be countered by geoengineering (Schelling, 1996) , but ocean acidification would continue unabated and may even accelerate in the case that sulphur particles are used to cool the planet (Royal Society, 2009 ). Therefore, valuing ocean acidification will not only increase the estimates of the Pigouvian tax required to achieve efficient greenhouse gas emissions abatement (Tol, 2005) , but it will affect other trade-offs and policies too.
In this study, we construct and combine a series of models that describe each step in the impact pathway between carbon dioxide emissions and economic impact on coral reef ecosystem services. The structure of this combined model is represented in Fig. 1 . Figure 1 . Model structure.
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Subsequent sections of the paper describe the main elements of this model. Section 2 reviews the literature on ocean acidification and its impact of coral reefs, and constructs a simple model. Section 3 presents a meta-analysis of the economic value of coral reefs. Section 4 combines the two to produce a scenario and sensitivity analysis of the economic impact of ocean acidification on coral reefs. Section 5 concludes. Caldeira and Wickett (2005) show the results of 15 experiments with an ocean chemistry model to predict chemistry changes from carbon dioxide emissions to the atmosphere and the ocean. Although there are a number of mechanisms that lead to increased ocean acidity, the main mechanism is the higher concentration of dissolved CO 2 (Cao et al., 2007; Matear, 2006, 2007; Morse et al., 2006; Ridgwell et al., 2007) . This allows us to approximate surface ocean acidity as a simple function of the atmospheric concentration of CO 2 :
Ocean Acidification and Its Impact on Coral Reefs
where A is change in ocean acidity relative to pre-industrial times (in pH) at time t, M is atmospheric carbon dioxide in parts per million by volume (ppmv). The preindustrial level of carbon dioxide is the assumed value of 280 ppmv. The parameters ¼ 0:00569 (0.04 10 À3 ) and ¼ 0:67 (0.53-0.86) are based on OLS regression using the results of (Caldeira and Wickett, 2005) . Figure 2 shows that Eq. (1) is a rather good approximation; the R 2 is 99.9%.
A number of studies has estimated the impact of ocean acidification on the calcification rate of coral reefs (Gattuso et al., 1998; Kleypas et al., 1999; Ocean acidity as a function of the atmospheric concentration of carbon dioxide as modeled by Caldeira and Wickett (2005) and as approximated by Eq. (1) (thick line; the 67% confidence interval is given by the dashed lines).
2000
; Andersson et al., 2003 Andersson et al., , 2007 . Table 1 summarizes their results, expressed as a loss in reef area. 1 We assume that reef area is a logistic function in ocean acidity:
where R is the change in reef area since pre-industrial times, and ¼ 0:56 (0.39) is a parameter; its value is the average of the parameters in Table 1 . Figure 3 gives reef area as a function of the atmospheric concentration of carbon dioxide, using Eq. (1) to compute ocean acidity. The uncertainty shown is the uncertainty about the coral reef response to acidification only; this uncertainty is substantial. Recently published research has shown the impact of ocean acidification on coral reefs to be highly complex and that at the local habitat/reef scale there are biological mechanisms that potentially improve conditions for calcification depending on benthic community structure, reef size, water residence time and circulation patterns Kleypas et al., 2011) . According to the information we used, at around 1200 ppmv, there is a 16.5% chance that coral reefs are so degraded that they are not able to reproduce successfully. However, it is beyond the scope of this paper to predict when coral reefs may become extinct.
The Value of Coral Reefs
Coral reefs are highly productive ecosystems that provide a variety of valuable goods and services to humans. These goods and services include coral mining and recreational opportunities for diving, snorkelling and viewing (direct use values); amenity services reflected in real estate prices, coastal protection and habitat and nursery functions for commercial and recreational fisheries (indirect use values); and the welfare associated with the existence of diverse natural ecosystems (preservation values) . The open-access nature and public good characteristics of coral reefs often result in reefs being undervalued in decision making related to their use and conservation. In response to this, there is now a substantial literature on the economic values of coral reefs. This section synthesises the results of the coral reef valuation literature through a meta-analysis. The data and analysis here are similar to those in Brander et al. (2007) , but this study includes value estimates for all goods and services including e.g., commercial fishing and coastal protection while Brander et al. was limited to recreation values. 160 separate coral reef valuation studies were collected from a variety of publication outlets, including journal articles, book chapters, occasional papers, reports, and academic theses. The literature search attempted to be as comprehensive as possible by accessing online reference inventories (e.g., EVRI and ENVALUE), library catalogs, and relevant reference lists and bibliographies. Care was taken not to double count value estimates that are reported in more than one study, or to include estimates that were derived through value transfer. In order to compare value observations, information on a number of key variables is required, including coral reef value, goods and services being valued, number of visitors, area of coral cover, location, year of valuation, and valuation method used. 45 studies yielded sufficient information for a statistical meta-analysis i.e., contained information on all variables included in the meta-regression. From these 45 studies we were able to code 81 separate value observations, taking multiple observations from single studies (see Table A1 in the Appendix). On average, 1.8 observations per study were obtained, with a maximum of 12 observations from a single study (Cesar et al., 2003a,b) .
Regarding the geographic representation of the sample, 30 observations are for US coral reefs, 21 from Southeast Asia, 9 from East Africa, 8 from Australia and 13 from the Caribbean. In terms of the ecosystem services valued, the sample contains 71 value observations for recreational opportunities, 5 for indirect use values (commercial fishing, coastal protection) and 5 for non-use (existence) values. This distribution of available information for coral reef services has implications for the specification of the meta-analytic value function and the values that are subsequently transferred.
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The value observations have been estimated using a variety of valuation methods. Around half (41) were obtained using the contingent valuation method, 3 with the remainder derived from the travel cost (11), net factor income (7), production function (6), and gross revenue methods (17). It should be noted that these valuation methods differ significantly in terms of the welfare measures that they estimate (see Kopp and Smith, 1993; Carson et al., 1996; Freeman, 2003) . This source of heterogeneity in the data may lead to problems of non-comparability between estimated values and we need to be wary of comparing inconsistent concepts of economic value (Brouwer, 2000; Smith and Pattanayak, 2002) .
The diversity in welfare measures being estimated makes it necessary to clearly distinguish between the different valuation techniques in the meta-analysis. Although we may have a priori expectations as to the direction of any bias associated with each valuation method (Bateman and Jones, 2003) , it is not possible to make sensible adjustments to the observed valuation estimates to correct for these biases. We therefore include dummy variables for each valuation method in the meta-regression to control for differences in values estimated through each method. To some extent there is a correspondence between the coral reef service valued and the valuation method employed, i.e., some methods are more suited to valuing certain services than others. There is not, however, perfect correlation between methods and services, and so we include sets of dummy variables in the meta-regression to represent both methods and services.
There is no standard reporting format for valuation results and so value observations are reported in a wide variety of units (e.g., total values, per unit of area, per visitor etc.), for different time periods (e.g., per day, per year, NPV over a given time horizon etc.), and in different currencies and years of value. Therefore, we standardized these values to a common metric, which is US$/km refers to the area of coral cover. Values from different years were converted to 2000 prices using GDP deflators from the World Bank World Development Indicators. PPP conversions were made to correct for differences in price levels between countries.
The selection of the units in which to standardise coral reef value estimates required careful assessment of the underlying data. Standardizing values to WTP per person as in Brouwer et al. (1999) or WTP per visit as in Brander et al. (2007) was not possible because several of the valuation methods used in the literature (e.g., net factor income, production function, and gross revenue methods) do not produce WTP estimates. WTP per person or per visit on the other hand could be converted to US$/km 2 /year given information on the area of coral cover and the relevant population size or number of visitors. We therefore followed Woodward and Wui (2001) and Brander et al. (2006) in defining the valuation effect size in terms of units of area. A further consideration in defining the units in which to standardize value estimates is that for the purposes of using the estimated meta-regression function for value transfer, it is preferable to define the dependent variable in per unit area rather than per person terms. This avoids the potentially difficult step in a value transfer exercise of identifying the number of beneficiaries that hold values for the policy site coral reef. Instead, the effect of beneficiary numbers on the value of coral reefs is controlled for by including population and visitor variables in the meta-regression.
In standardizing coral reef values we face the problem of distinguishing between average and marginal values, both of which can be expressed as a monetary value per km 2 . The majority of coral reef valuation studies have estimated total or average values but there are also a number of estimates of marginal values. Expressing coral reef values in per km 2 terms gives the impression that each km 2 of coral cover is equally productive, i.e., exhibit constant returns to scale or equivalently that the marginal value is equal to the average value. Without being able to convert marginal values to average values or vice versa, we assume exactly this. This assumption is examined by including the area of coral cover as an explanatory variable in the meta-regression. Information on the area of coral cover was obtained from the underlying valuation studies; gaps in this information were filled using a number of site-specific sources.
The methodological approach that we use to explain observed differences in coral reef values is a meta-regression. Meta-analysis is a statistical method for combining study results that allows the analyst to systematically explore variation in estimates across studies (Stanley, 2001) . Our meta-analysis of coral reef values involves regressing the standardized coral values on a set of explanatory variables. These explanatory variables include geographic (location dummies for four different regions), ecological (area of coral cover and an index for biodiversity), socio-economic (GDP per capita, population density and number of visitors), services provided by the reef based on the valuation studies (e.g., dive tourism, snorkeling, commercial and recreational fishing and coastal protection), and methodological variables (valuation method used). The biodiversity index is defined as a composite measure of coral diversity and reef fish diversity. Information on population density was derived from Center for International Earth Science Information Network (CIESIN) data. The process by which this data was converted to represent each coral reef valuation site is described in Wagtendonk and Omtzigt (2003) . Visitor numbers of each site were obtained either directly from each valuation study or from site specific sources. Table A2 in the Appendix provides definitions and descriptive statistics of the dependent and explanatory variables included in the meta-regression.
A number of alternative model specifications were investigated before defining the estimated meta-regression model given in Eq. (3). The dependent variable (y) in the meta-regression is a vector of values in US$/km 2 /year in 2000 prices. The explanatory variables are the socio-economic characteristics X E (i.e., GDP per capita, population, and visitors), location X L , reef quality X R (i.e., area of coral cover, biodiversity index), services values X S , and the valuation methods used X V . a is the constant term; b E , b L , b R , b S , and b V contain the estimated coefficients on the respective explanatory variables; and is a vector of residuals with assumed well behaved underlying errors. The natural logarithms of the continuous variables (indicated in Table 2 ) are used in order to improve model fit and mitigate heteroskedasticity.
The results of the meta-regression are presented in Table 2 . A series of diagnostic tests were performed in order to test the robustness of the OLS estimation. The Kolmogorov-Smirnov test (K-S statistic ¼ 0:072) does not reject the assumption of normally distributed residuals. Similarly, the null hypothesis of homogenous variance of the residuals cannot be rejected by White's test for heteroskedasticity (White's statistic ¼ 12:841). Regarding model specification, the regression specification error test (RESET statistic ¼ 0:253) does not reject the null hypothesis that the estimated linear form is the correct specification of the model. We test for potential multicollinearity in the model using pairwise correlations between the explanatory variables and find no correlation coefficients in excess of 0.8. The adjusted R 2 value of 0.60 is reasonably high, and indicates that almost two-thirds of the variation in coral reef value is explained by variation in the explanatory variables. In this log-log model, the coefficients measure the constant proportional or relative change in the dependent variable for a given relative change in the value of the explanatory variable. For example, the coefficient of 0.535 for the dummy variable indicating that the coral reef supports reef tourism means that, ceteris paribus, the value of the coral reef will be 71% (i.e., e 0:535 À 1) higher than the average when this service is provided, as compared to when this service is not present.
Regarding the results on the regional indicators, all else being equal, Caribbean reefs (the omitted dummy) have higher values than reefs in any other region, and Australian reefs are least valuable. This may reflect the relative travel time and cost to international reef visitors. As one would expect, income per capita, population density, and the number of visitors all have positive effects on coral reef value. More
The Economic Impact of Ocean Acidification on Coral Reefs biodiverse reefs are more valuable, and smaller reefs are more valuable (per square kilometer) than are bigger reefs, again as one would expect. The latter result indicates diminishing returns to scale of coral cover, i.e., that adding an additional km 2 to a large area of coral cover has a lower value than an additional km 2 to a small area.
Vice versa, losing a km 2 from a small area is more serious than losing a km 2 from a large area. The services provided by coral reefs generate only a few significant coefficients on the dummy variables explaining economic value. Coral reefs that have been valued as providing snorkeling opportunities and coastal protection have lower values than the average, but this is significant only at the 10% level. The results on the dummy variables indicating the type of valuation method used are equally inconclusive. Only the contingent valuation method stands out, albeit at the 10% significance level only, yielding lower than average values. In the next section we use the estimated meta-analytic value function to conduct a value transfer to global coral reefs. 
Scenarios and Results
In this section we combine the results of the two previous sections to calculate the economic impact of ocean acidification on coral reefs and show results for the four marker scenarios of the IPCC Special Report on Emission Scenarios (Nakicenovic and Swart, 2001). Although controversial (Castles and Henderson, 2003; Pielke et al., 2008) , the SRES scenarios are the standard in climate change impact analysis. Table A3 in the Appendix shows the scenario characteristics of the affected countries, that is, those with coral reefs. Figure 4 shows the atmospheric concentration of carbon dioxide according to the four SRES scenarios and a standard (Maier-Reimer and Hasselmann, 1987) carbon cycle model as embedded in the integrated assessment model FUND (Tol, 2008a) . The CO 2 concentration in 2100 shows a wide range, from 570 ppmv (and falling) in the B1 scenario to 812 ppmv (and accelerating) in A2. Figure 5 shows the resulting change in surface ocean pH. Equation (1) has that ocean pH is proportional to the excess atmospheric concentration of carbon dioxide, raised to the power 2/3. In pre-industrial time, ocean pH was 8.2 (Key et al., 2004) . There is a wide range for future pH values. The change in pH in 2100 varies from À0.25 (but rising) in B1 to À0.38 (and accelerating) in A2. This pattern follows immediately from the CO 2 concentrations in Fig. 3 . Figure 6 shows the percentage loss of coral reef area (since pre-industrial times) due to the increased acidity of the surface ocean. Equation (2) has a logistic relationship between ocean pH and coral reef area, so the response is monotone but nonlinear. In 2000, the total area was some 307,000 km 2 , but already 7% was lost due to The Economic Impact of Ocean Acidification on Coral Reefs ocean acidification. The loss in 2100 ranges from 16% or 30,000 km 2 (but falling 4 ) in B1 to 27% or 65,000 km 2 (and accelerating) in A2. Again, this pattern follows straightforwardly from the pH values in Fig. 4 . It should be noted that the estimated loss in coral area is only due to projected ocean acidification and not to other factors that may result in coral degradation (e.g., warming, sea level rise, pollution, mining etc.). Figure 7 shows the global average value per km 2 of coral reef area. The average is a weighted average, using national coral reef area as weights.
5 Several variables feed into the meta-regression (cf. Sec. 3). Population density and per capita income are part of the SRES scenarios. We assumed that the growth rates for population and income are uniform across the countries in the FUND regions, 6 and used these growth rates to extrapolate the national coral reef value. The number of visitors is also important ( Table 2) . We used the number of international arrivals according to the Hamburg Tourism Model (Hamilton et al., 2005) . See Fig. A1 in the Appendix. Coral reef area also affects coral reef value. We used the areal change of Fig. 6 . The meta-analysis is about the annual value per area of coral reef. We calculate the net present value by assuming that the annual value is constant; we use a Ramsey rate of discount, with a pure rate of time preference of 3% per year and an income elasticity of marginal utility of one.
All scenarios display a rapid rise in per unit area values. We assumed that the metaregression results are representative for 2000. The average value then was $177 thousand per square km 2 , with a range of $39 to $804 thousand per km 2 . This value rises by a factor 67 in the A2 scenario, and a factor 681 in the A1 scenario. Four developments contribute to this. Firstly, population grows substantially, so that there are more people to appreciate coral reefs. Secondly, coral reef area falls substantially, The Economic Impact of Ocean Acidification on Coral Reefs so that the scarcity value of the remaining area increases. These two factors contribute relatively little, because the elasticities are relatively small (around 0.5). The third development is more important. Visitor numbers rapidly rise as people become more affluent and take more holidays. In the SRES scenarios, economic growth is concentrated in the poor countries in the tropics -exactly where coral reefs tend to be as well. The HTM model assumes that mass tourism will remain at destinations that are not too far from the home country, so that tourism growth is also concentrated in the tropics. However, the elasticity is only 0.68. The fourth development dominates. The SRES scenarios have rapid growth in poor countries, and the income elasticity of the coral reef value is 1.2. This explains the explosive growth in value: As people grow richer, the money value they attach to coral reefs grows fast. Figure 8 shows the annual economic damage of ocean-acidification-induced coral reef loss. and expresses the result as a fraction of GDP. Damages are higher in the A1 and B2 scenarios than in the A2 scenario because coral values are higher in A1 and B2 than in A2. The B2 scenario has both lower values and lower losses than the A1 scenario. In the long run, the B1 scenario has the lowest damages, because it has the lowest loss of coral reefs. Following the coral loss scenarios, there are even benefits towards the end of the century. The annual damage goes up to US$870 billion in the A1 scenario in 2100. Although this may seem a substantial economic loss, this damage figure is only 0.14% of global GDP. The proportional loss in the B2 scenario is in fact higher (0.18% of GDP), while the A2 scenario is again lower (0.14% of GDP). 7 Multiplying the annual value per area of coral reef with the total coral reef loss until a particular year assumes perpetual regret -that is, people in 2100 still suffer a loss of welfare because of coral reef loss in 2000, and the 2100 loss is in fact greater than the 2000 loss because of economic growth etc. Figure 9 shows a sensitivity analysis of the annual damage in 2100. The B2 scenario is central in most cases, so we varied parameters in that scenario. For comparison, the results of the other three scenarios are also shown. Parameters were varied by one standard deviation including the parameters describing the relationship between ocean surface acidity and atmospheric concentration (low and high pH), area of coral cover (low and high scarcity), reef area lost (low and high loss), and value of reef area (low and high value).
The response of ocean acidity to ambient carbon dioxide concentrations is not particularly uncertain, and damages are hardly affected. In the base case, the damage in 2100 is $528 billion. The error around this relationship increases or decreases damages by $2 billion. The area elasticity of value is not that important either: Damages go up or down by $5 billion. The choice of scenario make a substantial difference: Under the B1 scenario, there is a positive impact of $69 billion; this is $228 billion for A2, $528 billion for B2 and $870 for A1b. The extent of coral area loss per unit change in ocean pH is very uncertain, however, and this uncertainty is about as large as the uncertainty about the scenarios. The damage ranges from $112 to $1,417 billion. The largest uncertainty, more than a factor four, is the value per unit area. The range of damages is from $117 to $2,293 billion.
Discussion and Conclusion
This paper gives one of the first partial estimates of the economic value of ocean acidification. This estimate is limited to the impact on coral reefs, perhaps the most tractable of the many impacts of ocean acidification. We construct and calibrate simple models of ocean acidification and coral reef area loss, driven by the atmospheric concentration of carbon dioxide. We extend an earlier meta-analysis of coral reef Figure 9 . A sensitivity analysis around the annual economic damage of ocean-acidificationinduced coral reef area loss.
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values to estimate a value transfer function for coral reefs, and apply an existing model of tourist numbers. We drive this by CO 2 emissions, population, and income for the four SRES scenarios. Combining these models, we derive a number of scenarios of the annual impact of ocean-acidification-induced coral reef loss, and conduct a sensitivity analysis. We find that the annual economic impact rapidly escalates over time, essentially because the scenarios have rapid economic growth in the relevant countries and recreational activities related to coral reefs are a luxury good. Nonetheless, the annual value in 2100 in still only a small fraction of total income, and one order of magnitude smaller than the impact of climate change (Tol, 2008b) . This is not surprising since we estimated only the economic impact of ocean acidification on coral reefs where recreation has a dominant role and did not look at any other impacts. The estimated impact is uncertain, of course, but the estimated confidence interval spans one order of magnitude only.
Despite the relatively small numbers, future research should investigate the implications of our findings for climate policy -the Pigouvian tax on carbon dioxide emissions, the trade-offs between greenhouse gases, the optimal trajectory over time and its sensitivity to the discount rate, and the attractiveness of geoengineering. If indeed ocean acidification adds some 10% to the total impact of climate change, then the Pigouvian tax on carbon dioxide (but not on other greenhouse gases) should go up by at least 10% too. However, as ocean acidification is a more direct and more immediate impact, the marginal cost estimate should be more sensitive than the total cost estimate -but how much remains to be studied. To test the robustness of our conclusions, other researchers should derive their own estimates of the economic value of ocean acidification. Future research should seek to extend the estimates presented here to other impacts of ocean acidification, notably on shellfish, fish, marine mammals, and birds; to explore the distribution of impacts and vulnerability of impacted populations; and to investigate the interactions between ocean acidification, climate change, and sea level rise. Table A1 . Economic valuation studies used in the meta-analysis. The Economic Impact of Ocean Acidification on Coral Reefs Table A1 . (Continued ) Author ( Table A2 . Descriptive statistics for the variables in the meta-regression (cf. The Economic Impact of Ocean Acidification on Coral Reefs 
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